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ABSTRACT

- This thesis addresses the design and analysis of discrete

lateral autopilots for appjQication to BTT missiles.

The first part review d_ the classical design and analysis of

the continuous uncoupled yaw and roll channels, as developed in

[Ref. 6]. -Then, applying analog-to-digital conversion, the

corresponding discrete autopilots were designed and analyzed in

terms of their transient responses.

The second part/,-tiliz i~ modern control design techniques for

* the single-input discrete lateral autopilots. At first, assuming

availability of all states for feedback purposes, a discrete

state-feedback autopilot was obtained. Next, since the state

vector is not always available to direct measurement,,-ap estimator

was- introduced to implement control. The state-feedback and - .-

estimator designs,were analyzed for both lateral channels and

found to have satisfactory time responses.

Finally, coupling the discrete pitch and roll channel

autopilots, a state-feedback and estimator were.designed and

found to be robust. I
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TABLE OF SYMBOLS AND ABBREVIATIONS

BTT Bank-to-Turn

CBTT Coordinated Bank-to-Turn (minimum sideslip, positive a
0(, * 18O°)

C rolling moment coefficient

change in rolling moment coefficient (Ct) per degree
roll control incidence (~

CM pitching moment coefficient

C slope of curve of pitching moment coefficient (O, ) vs
angle-of-attack

normal force coefficient

C11 yawing moment coefficient

C1113 slope of curve of yawing moment coefficient (C,,) vs
angle-of-sideslip ( ) -_-.*

C11- change in yawing moment coefficient ()per degree
yaw control incidence (pr) dge

L I side force coefficient

slope of curve of side force coefficient (cv) vs -
angle-of-sideslip (3

change in side force coefficient (C') per degree yaw
"'y control incidence ( )-

reference length for coefficients

mon o

moment of inertia about x axis
,,,, moment of inertia about X axis "..

OPTSYS Optimal System Control Fortran Program

ORACLS Optimum Regulator Analysis and Control of Linear
Systems

p roll rate about x

is
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p roll acceleration about ""

POC Preferred Orientation Control

POPLAR Pole Placement and Robustness Design Program

q dynamic pressure

q pitch rate about Y8

r yaw angular rate about

rc yaw angular rate command (coordinated command)

r yaw angular acceleration about i .

S reference are for coefficients

STT Skid-to-Turn (roll attitude stabilized)

u velocity component in X6 direction

" v velocity component in Y direction (assumed constant)

- V constant missile flight path velocity

V missile velocity vector

w velocity component in Z direction

. W missile weight

x body-fixed roll axis (along axis of symmetry, positive
forward)

y body-fixed pitch axis (positive forward)

z body-fixed yaw axis (forms right-handed orthogonal
* system with 5 and ; )

achieved normal acceleration in direction

achieved normal acceleration in direction

1) 'Z achieved normal acceleration in direction

* J achieved normal acceleration in j direction

'K normal acceleration command from guidance computer in
V direction plus anti-gravity bias command

|V
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* normal acceleration guidance command in direction.

*. roll attitude command from guidance computer (zero
degrees in-4 direction and 90 degrees in y direction)

Vr

roll attitude (zero degrees in - direction and 90
degrees in V direction)

eelevation Euler Angle (second rotation)

-azimuth Euler angle (first rotation about

S pitch control incidence (positive tail incidence
produces negative pitching moment)

commanded pitch control incidence

yaw control incidence (positive tail incidence produces

negative yawing moment) -

C: commanded yaw control incidence ,.

roll control incidence (positive tail incidence
produces positive rolling moment)

commanded roll control incidence

_ constant or equilibrium angle-of-attack

angle-of-attack

S angle-of-sideslip
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I. INTRODUCTION

Modern tactical missiles require increased stand-off ranges

and need to meet threats from highly maneuverable air targets.

The high maneuverability of air targets has directed the use of

defence missiles capable to develop higher lift accelerations and

more complex control laws. In order to accomplish the

requirement of large stand-off ranges, propulsion systems using

air-breathing engines have been studied and developed in recent

years. The advent of air-breathing engines has naturally led to

the consideration of BTT missiles in order to minimize the inlet -. -

angle-of-attack.

The necessity of more complex control laws has introduced the

application of modern control and estimation theory, since more

complicated information of the missiles states are needed. MTT

controlled missiles are generally characterized by increased

maneuverability and considerable drag reduction over conventional

cruciform, roll stabilized STT controlled missiles. Certain

limitations in technology [Ref. 1 have delayed the development

of BTT control systems, and consequently any progress in the area

of BTT autopilots.

Major technological improvements during the last decade, as

" the availability of advanced digital computers, reopened the

issue and made BTT control feasible in spite the added complexity

of control laws for the autopilots. In addition, certain types

19



of ramjet engines [Ref. 2], which are candidate propulsion

systems for modern tactical mission requirements of range and

high altitude [Ref.3], have presented a need for a missile control

technique to maintain effective inlet flow. This was the main

reason for given further impetus to the investigation and

development of BTT control.

Despite the fact that BTT steering may provide improved

performance for a missile system, there are still unanswered

questions concerning stability during homing phase, guidance

performance, autopilot guidance logic and subsystem requirements.

All these questions have to be investigated and properly answered

in order for BTT steering to be considered as a viable control *.

method for high performance missiles.

During the past decade many missile programs [Ref. 31 were

initiated to improve the capability of steering tactical missile

via BTT control with results that have greatly advanced the

understanding of the various missile subsystems. In the

autopilot area many different types have been designed and

developed. All of them force the missile to roll or ban , so that

the steering maneuver occurs with the missile axis oriented in a

specific or preferred direction with respect to the incoming

airstream. This class of autopilots is usually known as POC

autopilots.

The main criterion for the selection of a particular type of

autopilot is based upon the guidance, airframe and propulsion

system requirements. Generally, missiles with either one or two -

20



planes of symmetry use a POC autopilot which forces the missile

to bank in order to turn as an aircraft. If this motion is

coordinated, then the autopilot is referred to as a CBTT

autopilot.

In the guidance area, radome aberation effects for frequency

guidance are of major concern [Ref. 3] and are being investigated

in great extent. Also, the interaction between BTT control,

antenna stabilization and sensor orientation are some of the

additional concerns that have to be properly addressed. However,

simplified studies [Ref. 4], which neglect radome effects and

assume that the missile motion is entirely coordinated, have

proven that BTT control can provide acceptable performance with

roll rates that are not excessive for autopilot design. These

studies were made for a medium range area and long suppression

mission, and considered both high lift (i.e., planar) and

moderate lift (i.e., cruciform) airframe configurations.

In order to take full advantage of CBTT control, planar

airframes have been designed to increase the lifting capability

in one direction without the weight and drag penalty associated

with orthogonal lifting surfaces [Ref. 5]. These airframes have

aerodynamic properties characterized by increased potential to

enhance CBTT control.

The present thesis addresses the design and analysis of

discrete lateral autopilots for application to CBTT missiles.

The first part reviewed the design procedure of the two

individual lateral channels as developed by Arrow [Ref. 6]. The
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design was performed using classical techniques and involved the

uncoupled yaw and roll channels for the elliptical and circular

airframes respectively. The resulted continuous open loop

designs were analyzed in terms of their transient and frequency

responses and found to be in accordance with the desired

requirements specified in [Ref. 6]. Then, applying analog-to-

digital conversion, the corresponding discrete lateral autopilots

were obtained and analyzed.

The second part utilized modern control design methods to the

already discussed discrete single-input lateral autopilots. This

allowed comparison with the preceding classical design, and more

importantly established a technique to extend some of the results

to the more general multivariable case. At first, assuming

availability of all states for feedback purposes, application of

the Ackermann formula led to a discrete state-feedback designed

autopilot. Next, since the state vector of the state-feedback

model is not usually accessible to direct measurement, an estimator -

was introduced as an additional dynamic design in order to

implement control to the original system. The state-feedback and

estimator designed autopilots were analyzed for both lateral

channels and found to have satisfactory responses.

Finally, coupling the discrete pitch and roll channel

autopilots, the state-feedback and estimator designs were

obtained and proved to be robust.

The analysis in all the above cases was performed using the

existed at Naval Postgraduate School OPTSYS and ORACLS Fo.tran
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program for the continuous and discrete systems respectively.

Additionally, the last part that dealt with the coupled pitch and

roll channel autopilot utilized the POPLAR design program

developed by Gordon [Ref. 7.-
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II. CLASSICAL DESIGN AND ANALYSIS OF LINEAR UNCOUPLED
LATERAL AUTOPILOTS

A. GENERAL

The initial phase in the design of lateral CBTT autopilots

involved the design and analysis of the individual uncoupled

lateral charnels (i.e., yaw and roll) with prescribed

relationships between speeds-of-response. These relationships

when coupled with the corresponding ones of the longitudinal

uncoupled channel (i.e., pitch) would meet the requirements of

the overall CBTT autopilot.

The uncoupled autopilot design method was classical and used

a combination of frequency response and root locus techniques.

Utilization of this particular design method led to the

achievement of practical bandwidths (i.e., sufficient high

frequency attenuation), and in turn provided the range of required

missile body angular rates and control motions. In addition, the

resul ting design minimized the influence of aerodynamic

variations on desired responses. The application of the

uncoupled channels to the whole CBTT autopilot was accomplished

by an appropriate choice of the relative time constants of the

individual channels. In order to achieve the desired maneuver

plane acceleration the roll channel was designed to have a time

constant of 0.5 seconds. The yaw uncoupled channel, which

follows the roll motion to produce the required coordination

(i.e., minimization of sideslip angle), is designed to have a

2~4



more rapid response with a time constant of 0.39 seconds for the

circular airframe. The detailed requirements for the classical

design of the uncoup'ed yaw and roll channel autopilots are

presented in Appendix A.

A fixed flight condition (i.e., constant Mach number and

altitude) was selected for this preliminary performance study.

Fixed flight conditions are typically used in autopilot designs

to identify and cure critical areas of concern. When autopilot

requirements are satisfied at fixed flight conditions, then areas

of concern caused by varying them are addressed. The selected

flight condition of 60000 feet altitude and Mach number 3.95

provided sufficient dynamic pressure, so that the missile

maneuvers resulted in large enough angles-of-attack to exercise

sideslip control. Aerodynamic data for this particular flight

condition are provided in Appendix A.

The aerodynamic models developed for stability studies in the

frequency domain were linearized about a trim angle-of-attack for

both lateral channels. The following three assumptions were

mad e:

1. The plane X, - Z1 of Figure 2.1 was the maneuver plane.

2. The missile was trimmed in pitch (i.e., M y 0 0, at fixed

values of X , q, and cp.

Rather than use the assumption that the missile roll rate is

approximately zero as it is normally done for the roll stabilized

STT control, the following assumption was made for BTT:

25
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3. The missile roll rate was constant.

Linearized aerodynamic derivatives are given in Appendix C.

In this chapter the analysis of both continuous and discrete

uncoupled lateral channels of a BTT autopilot was based on the

transient and frequency responses of maneuver plane accelerations,

body angular rates and tail incidence angles. A general block

diagram of a BTT autopilot with all its channels is shown in

Figure 2.2. Inertial acceleration command were applied in polar

coordinates (i.e., magnitude of the command Ij applied to pitch

and the direction 4> to roll autopilot). The yaw autopilot was

- slaved to the roll autopilot in order to minimize the yaw and

. roll motions. Achieved maneuver plane accelerations in

- rectangular coordinates (i.e., fl and fly ) were determined by

resolving achieved body-fixed accelerations (i.e., tj, and ;,. )

through missile roll rate (i.e., Euler angles G and 4 were

assumed to be sufficiently small).

•-. •

B. AIRFRAME CONFIGURATIONS

The two airframe configurations studied in this work were

taken from [Ref. 6] and are shown in Figure 2.3 and Figure 2.4.

Although the configuration in Figure 2.3 reveals a body of

circular cross section and that of Figure 2.4 an elliptical one,

both airframes have the same cross sectional area distribution.

In specific, the circular cross sectional body has a closure

ratio Abase/Amax of 0.69 with Amax occurring at 68% missile body,

whereas the elliptical airframe has a 3:1 cross section.
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Both airframe configurations are tail-controlled using four

identical control surfaces which are located flush with the body

base with a +300 dihedral. In the case of the elliptical body,

the hinge line was skewed such that a 100 control deflection

measured at the body-tail juncture had a resultant 7.040 surface .

deflection. Thus, the aerodynamic control effectiveness in terms

of deflection measured at the body-tail is lower for the

elliptical airframe although it is nearly the same in terms of ,. "

resultant surface deflection.

The total span of the mono-wings is the same for each

configuration, which results in larger wing area for the circular

airframe. The wing area and span for the circular airframe were

chosen as typical of current maneuvering missiles. The wing for

the elliptical concept was determined by projecting the

elliptical body on the circular body-wing planform. The resultant

when exposed wing planform became the wing for the elliptical

body.

Comparison of the elliptical airframe with the corresponding

* ircular indicates the following:

About 30% more normal force that is nearly independent of

angle-of-attack can be achieved at supersonic speeds.

2. Values of longitudinal stability parameter CM are more

positive, and with more pronounced nonlinearities in

pitching moment at subsonic speeds.

3. Levels of directional stability are increased and more

compatible with levels of longitudinal st~bility.
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4. More yaw control is available although suitable locations

for tails on the body are more limited because of the

geometry of the elliptical airframe. .

The two airframe configurations were sized to provide . ___

realistic geometric and mass properties. The details are 4

presented in Appendix D.

C. UNCOUPLED YAW CHANNEL AUTOPILOT FOR ELLIPTICAL AIRFRAME

The purpose of the uncoupled yaw channel autopilot of a CBTT

missile is to minimize the sideslip angle (;), or provide

coordinate motion between the yaw and roll channels. The easiest

way to accomplish this is by designing the uncoupled yaw channel

(i.e., roll and pitch dynamic effects neglected) as a regulator

(i.e., no guidance command and with rate and acceleration

feedback) to help minimize the sideslip angle.

A block diagram of the uncoupled yaw channel is shown in

Figure 2.5. In this diagram both the aerodynamic model and yaw

control law are involved. The normal acceleration ( I, ) is not

used to command the CBTT autopilot. Instead, it is used for the

design and analysis of the uncoupled channel. The command used by

the coupled system is shown in dashed lines and is a yaw angular 2
rate command (rc). The yaw control law shown in Figure 2.6 [Ref.

61 is governed by missile body angular rate (r) and yaw normal

acceleration ( I.). At the flight condition of interest (i.e.,

60 kft altitude and Mach number 3.95) the yaw control law

determines the required command (rc ) to an actuator which is

32
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approximated as a first-order lag at 30 Hz. The rate compensator

computes the high frequency attenuation and is used to minimize

aerodynamic variations on the quality of the regulator. On the

other hand, the acceleration compensator measures the acceleration

bandwidth via the time constant of the acceleration response of I I Y,

1. Transfer Functions of Aerodynamic Model

The aerodynamic transfer functions of the uncoupled yaw

channel autopilot are: - _ .

~~~ GY-A~) +______
2 (deg/sec/deg) (TI.C.1-1)Y. A _.P5 a , + i .z

4 G- A -]

(g's/deg) (II.C.1-2)

where:

Cy. (II.C.1-3)

C Y _(I I . C . 1 -4 )

- (5-7.s)S' C =  d (II.C.1-5) .-
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(IIC. 1-6)
iZZ

(II.C.1-7)

Substituting the values of aerodynamic data (Table VII),

linearized aerodynamic derivatives (Table VIII), and geometric

and mass properties (Table IX), equations (II.C.1-3) through

(II.C.1-7) become:

A -0.1351 (II.C. 1-8)

B 0.0436 (II.C.1-9)

C -17.2748 (II.C.1-10)

= 34.5495 (1i.0.i)

K o.4823 (Ii.C.1-12)

Introducing the above equations (II.C.1-8) through

(II.C.1-12) to (II.C.1-1) and (II.C.1-2), the aerodynamic

transfer functions of the uncoupled yaw channel for the circular

airframe and zero angle-of-attack can be obtained.

a. Transfer Function of Yaw Angular Rate:

(-4' )

b. Transfer Function of Yaw Normal Acceleration:
7 _L _ 1' 5. -46 1,4S.

II IC (l. ) (744
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Rearranging the above transfer functions ini terms of th.e

variable pairs (r ,y~ and (nY, Cay respectively, they become:

2
4r 0. 04'24 Z51 l.2 3 5 . 3 6 . 6 2 Ts 7 - 47 2  (11.0. 1-15)

Applying inverse Laplace transformation, the following

set of linear differential equations can be obtained:

~ ~ (11.0.1-17)

'.CC s , - _" _ I

Both equations (II.C.1-17) and (11.0.1-18) form a second-

order system of linear differential equations in which the

forcing function involves derivative terms. Using rules of

state-space representation [Ref. 8] the following equations are

obtained:

x )( 3 .6Y (II.C. 119)

V >, , 44, . (I1.C.1-23)

C).~~~" I - 4- 1

varabl pair Z,-r,, 4-y and (n- C) repetvey they beIcome:

(II.C.1-234)

2 - S .6C( I C. - 4

1lS,; Z' 4 l 46 -,71~ S d4 . 12 (II.C. 1-16)
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2. Equations of Yaw Control. Law and Actuator

a. Acceleration Compensator Equation

The acceleration compensator equation obtained from

Figure 2.6 is:

0.319q46 Ir~ (IIC 2-1)

Rearranging and applying inverse Laplace transforma-

tion, (II.C.2-1) turns into the following linear differential

equation:

' -5'Y 1~/'y *~~ UC22

Substituting equation (II.C.1-25) i.nto (II.C.2-2),

the last becomes:

'I. 5V/73 5- +~ -3 5.~z - .5--l3 I' (II.C.2-3)

b. Rate Compensator Equation

The rate compensator equation also obtained from

Figure 2.6 is:

4. I. C -

Rearranging and applying inverse Laplace transforma-

tion to (II.C.2-5), it turns into:

yc 4 ,!1Y;- 4C(I5.4CS2- 4

Substituting equations (II.C.1-23), (IT.C.1-24) and

/7 1C.2-3) into the above, it becomes:

5-, U4:K42, X, -1 S~.,K$* 4 ~7.+-7 Ly (II.T -6).:
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c. Actuator Equation

The actuator equation obtained from Fig7ure 2.5 is:.

¥ : + YC (II.C.2-7)-.-1

Rearranging and applying inverse Laplace transforma-

tion, the last equation turns into:

y L YC(II.C.2-8)

3. Design Approach and Analysis of Continuous System

Utilizing state-space representation, the equations

(II.C.1-19) through (II.C.1-22), (II.C.2-2) (II.C.2-6) and

(II.C.2-8) can be modeled in a seventh-order system of the form

x=Fx+Gu. The continuous plant system and input matrixes F and G

are shown in Table I, and the state vector is:

YIi

C (II.C.3-1 )

where the state variables are:

x I, x2 : yaw angular rates

z1, z2 : yaw normal accelerations

y . output of acceleration compensator

input command in the actuator

. yaw tail incidence

39

S.:-:

- -.-----....-.....-..-..-.-..-..-....--........-..-...-..-..-......................... ,-.........-........-.,-..-.-.-...-...".--.-..-'--.......--..-......-.... '7



0000000

0000000
000.0000

0T0 .000.
0. 0 j j 0io I, ~W~"Oo
00000000

z LL.0000000

000 000
Z 0~~002040

0coag0n

- -~ 0000000

a-~ .*000 0
0000 000

~~% .....000

Z J00000*00

00,o~

~.L.2 %% ... io

U -a-00900000 C

'00,0010z 000 c00

z a, Ol* 000

z 7... 

C. 0 a c 0-

- 030001)0

0 0 00 100
-. 0 .- O~ C 000..

U000oo0 0,

00000000007N

040C



Executing the OPTSYS program, using an input step

function which represents "1 gee command" at zero trim angle-of-

attack, the pole-zero and time and frequency response plots are

obtained.

The pole-zero plot of Figure 2.7 indicates that the

continuous open loop system is stable, since the s-plane poles

are:
S, . 17 -.-S7 6 (I I .C . 3- 2 )

- 6!.,0 -j 1C.69 (I. C.3-3)-"
55 6.C4-jI.(II.C.3-)

(II. C. 3-4)

S4 -C , 021+7!; + I) CS 1: (..0.3-5)

55 - -L).C 174-75-j. 4-CSrl (II.C.3-6)

5* -.2. 9-&- +j 29 (II.c.3-7)

.Z 7 -2.2@d j 2 qq~q(II.C. 3-8)

The time response plots of the yaw normal acceleration, angular

rate and tail incidence are shown in Figures 2.8 through 2.10.

In particular the yaw normal acceleration time response plot has

a 0.39 seconds time constant, 7% overshoot and a steady-state

error of 0.018. These results are in accordance with the

requirements referred in Appendix A, that is a time constant of

0.4 seconds, overshoot less than 101 and steady-state error not

necessarily equal to zero. All the above three time response

plots are identical with those presented in [Ref. 61.

Figures 2.11 through 2.16 show the frequency response

plots of the ya4 normal acceleration, angular rate and tail
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incidence, from which the phase crossover frequencies and gain

margins of Table II can be obtained. The positive gain and phase

margins of the open loop system ensure the relative stability of

the closed loop (controlled) system.

4. Design Approach and Analysis of Discrete System

Utilizing analog-to-digital conversion by the aid of

ORACLS program and for a sample period of 0.0125 seconds, a

seventh-order discrete system of the form x(k+1):Ax(k)+Bu(k) is

obtained. The discrete pant system and input matrices A and B

are shown in Table III.

The pole-zero plot of Figure 2.17 indicates that the

-" discrete open loop system is also stable, since the z-plane

poles are:

z, C. i11C76 (II.C.4-I)

Z. C. e554-j 0,12.,8(2 (II.C.4-2)-

Z5  2. (IIC.4-3)

Z4  96 C 4 2/942 . 0, 0 t; C18b- (IIC.4-4)

2 J , (II.C.4-6)

, O -(II.C.4-7)

The time response plots of the yaw normal acceleration,

, angular rate and tail incidence for the discrete uncoupled yaw

channel are presented in Figures 2.18 through 2.20. A close

observation of these plots indicates that they are identical with

,'.' those of the continuous classical system found in the previous ."-

section.

42...



4

C x

.. .. . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . ... ... .

.. .. . . . .. . . . .. . . . . .7

x

... .. .. .. ..

. . . . . . . . . . . .. . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

MC . 100 - . 20.0 - . 0 . 6 . -00 -00 0. :.

Figre2. Poe-er Pot;UnouledYa Canel utpiot
Clsia einCniuu pnLo ytm

ElitclArrm

C4



.. .. .. . ..: . .. .. . .. . .. .. .... . .. .. . .. .. . .. .. . .. .. . . .... . ......

.. . . . . ... . . . . . . .. . . . . . .. . . . . .
.. .. . . . . . . - . . . . .. . .

............ ............. ,.............. .... ... ...

z

. . . . . . . . . . .. ... .................. . ................ M A C E E A INB

.. ....... . .... . ..... ... ... ........................... ...... ....

0.0 0.5 1.0 1.5 i.0 2.53.
TIME - SEC

Figure 2.8 Yaw Normal Acceleration vs TLime; Uncoupled Yaw
Channel Autopilot; Classical Design; Continuous
Open Loop System; Elliptical Airframe

414



v--~'~~ .~r r-- -. ~- ~-..- - - - . ~.. ,~,Vv .

.... ... ... . : ... ... .... ... ... ... .. ... ... .... ... ... ... ... ... .... ...... ... .... ... ... ... .. ... .... ... ... ...

. .. ... ... ... . ..... ... ... .... ... .... ... ... .... ... ... .... .. .... ... ... .... ... ....... ... .... ... ... .. .... ... .... ... ...

. .. ... .. ... .... ... ... ... .... ... ... ... .... ... ... ... .... ... .. ... .... ... ... ... .... ... ... ... .... ... .. ... .... ... ... ...

...... ...... ...... .....

6* ... ... .. . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . .

. .. ....... ............. .......... .. ........... .............. ..........

.. . . . . . . . . . . . . .. . . . . . . . . . . . . . . . .. . . . . .. . . . . . . . . .. . . .. . . . . . . . . . . .

LAA

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

GEN
. ......................................... ......aL R R I .

a8

0. . . . . . .

TIE- E

Fiur 2A9 LEGEN AnuarRtAvim;UcopedYwChne

Auoio;CasclDein otnosOe
LoopSystem;_EllipticalAirframe

_ 45



. . . . . . . . . . . . . . . . . . .
6 .. .. .. . . ... . .. . .. . .. . . .. . .. . .. . . . .. .. . . . . . . . .. . . . . .. .

.. . . . . . . . . . . . . . .. . .

....... ........... ................. ............ ..... ......... ...... ......

................... ................ ............... .................. ..................

zs o 6-

i1
U o

. . . . . . . . . . . . . . . .. . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . .. . . . . . . . . . .

E-_ _

LGENDJIO AW AILINCI ENCE.6Y

0.0 0.5 1.0 1.5 2.0 2.5 3.0
TIME - SEC

Figure 2.10 Yaw Tail Incidence vs Time; Uncoupled Yaw Channel
Autopilot; Classical Design; Continuous Open
Loop System; Elliptical Airframe

464



I C

.. . .. . .. .. . .. . . . . . . .. . . ... . . .. . . .

< 
.... . ......

'74

. .. ... .... ... ... ... ... .... . . ... .. .... . . .... ... ....... ... ... ...... ... ... .... ......

Li *,.

I Ir rC t'd (fI-

* FREQUENCY - RADIANS PER SECOND

*Figure 2.11 Yaw Normal Acceleration-Gain vs Frequency; Uncoupled
Yaw Channel Autopilot; Classical Design; Continuous
Open Loop System; Elliptical Airframe

4~7



. ...... . .. .. . ... ...... .... .................. ..........

.4 . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . .. . ... . .. . . . . . .. ... . . . . . . . . . . . . . . . .. . .

00

0

I CI

FREQUENCY -RADIANS PER SECOND

Figure 2.12 Yaw Normal Acceleration-Phase vs Frequency;
Uncoupled Yaw Channel Autopilot; Classical
Design; Continuous Open Loop System; Elliptical
Airframe

4~8



.. .. .. .. .. . ... ...

xI .

FRQEC AIASPRSCN

Fiue21 a nulrRt-anv reuny nope

Ya Chne Auoilt Clsia ein

Contnuou Ope Loo Sysem; llipica

Aifrm

C.9



"7*~ A.

.. . ........ .... ............ .. .. . ..... ....... ..... .. .. .

.K. ....... .......... .. .................... ...................

# ... ............ .. ...... .. .... .. .......................

0*

.. . . . . . . .. . . . . .. . . . . . . . . . . . .

FREQUENCY - RADIANS PER SECOND

Figure 2.14 Yaw Angular Rate-Phase vs Frequency; Uncoupled
Yaw Channel Autopilot, Classical Design;
Continuous Open Loop System; Elliptical
Air frame --

50



.. .. .. . .-.. . .

.. .. . . . . . . . ..0 . . . . . . . . .. . . . . .. . . . . . . . . . . . . . .

. . .. . . . .. . .. . . . . . . . .. . . .. . . ... . . .. . .. .. . .

CLN

............ ..... .. . ........... ......... .......0. .............. ..

.o. ......... ... ... ......... ...... ......................

- R

. . . .. . . . . . . . . .. . . . ...-. . . . . . .. .. .. . .. .. .. ..

Izrei

FRQEC AIASPRSCN

Fiue210a alIcdneGi sFeuny nope

Ya0hne uoiot lsia ein

101

FREQUENCY .RA.N PE SECOND .



. ..... .. .. . ....... ..... .. .

I . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . .

.. . . . . . . .. ... ...... . . . . . . .. . . . . .. ...

. ........ .... .... ........ ....... ...... ........... ......

- ~z J ................. ...

............ ............ ... .. . ....

............. ...... ........... ......... ... ......

10 id
FREQUENCY -RADIANS PER SECOND

Figure 2.15 Yaw Tail Incidence-Phase vs Frequency; Uncoupled
Yaw Channel Autopil 'ot; Classical Design;
Continuous Open Loop System; Elliptical
Airframe

52



S.

z r-

C.)

z -c I

-E-

~S



D. UNCOUPLED ROLL CHANNEL AUTOPILOT FOR CIRCULAR AIRFRAME 

The uncoupled roll channel autopilot or a CBTT missile is 

commanded to roll the missile so as to put the preferred maneuver 

direction in the direction of the guidance acceleration command. 

The desired maneuver plane acceleration should be attained as 

rapidly as the achieved body-fixed pitch acceleration. To 

accomplish this, the uncoupled roll channel autopilot (i.e., yaw 

and roll dynamic effects neglected) was designed to have the roll 

angle time constant equal to the time constant of the normal 

acceleration achieved by the uncoupled pitch channel autopilot. 

A block diagram of the uncoupled roll channel is shown in 

Figure 2.21. In this diagram both the aerodynamic model and roll 

control law are involved. The roll control law shown in Figure 

2.22 is commanded by roll angle Cfc> and governed by roll angular 

r-ate ( p) and ,~ o 11 an g 1 e ( ~ ) . 

The design and analysis of the uncoupled roll channel 

autopilot was performed in this section for the stable at zero 

angle-of-attack circular airframe. 

1 • Transfer Functions of Aerodynamic Model 

The aerodynamic transfer functions of the uncoupled roll 

channel autopilot obtained from Figure 2.21 are:· 

a. T~ansfer Function of Roll Angular Rate: 

1 
(II.D. 1-1) D= 

I S 
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b. Transfer Function of Roll Angle:

(II.D.1-2)

Substituting the values of aerodynamic data (Table VII),

linearized aerodynamic derivatives (Table VIII) and geometric and . __

mass properties (Table IX), equation (II.D.1-1) becomes

ps = 8.03462 c1  (II.D.1-3) :jij

Applying inverse Laplace transformation to equations

(II.D.1-2) and (II.D.1-3), the following set of linear

differential equations is obtained:

p 8.03462 oR, (II.D.1-4)

=p (II.D.1-5)

2. Equations of Roll Control Law and Actuator

a. Roll Angle Compensator Equation

The roll angle compensator equation obtained from ..-

Figure 2.22 is:

x(c4J -c) (II.D.2-1)

Rearranging and applying inverse Laplace

transformation (II.D.2-1) turns into the following linear

differential equation:

X -17.64- 8X + 17.64k (II.D.2-2)

b. Rate Compensator Equation

The rate compensator equation also obtained from

Figure 2.22 is:
- .'sccs ( -) + - .':)Y: C

(±-f.L QX-)(II.D.2-3)
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Rearranging and applying inverse Laplace transforma-

tion to (II.D.2-3), it turns into:

Y + 5Y = 0.0502X - 0.0502p + 0.75325X - 0.75325p (II.D.2-4)

Substituting equations (II.D.1-4) and (II.D.2-2) into

(II.D.2-4), the last becomes:

(-.7532p-o.88352 o.3(165X-5I-.40334IID o.88322,ci, (I 25)

c. Pseudo-Differential Equation

The oseudo-differential eauation obtin.d frnm Fia ur.

2.22 is:

-- p #(II.D.2-6)

Rearranging and applying inverse Laplace

transformation to (II.D.2-6), it turns into:

X i : -6X, + 0.07 8 198 p (II.D.2-7)

Substituting equation (II.D.1-4) into (II.D.2-7), the

last becomes:

X, - 6X, + 0.628291 -R (II.D.2-8)

d. Equation of Actuator Compensator

The equation of actuator compensator obtained from "" .

Figure 2.22 is:

S

"c $ ''"jX) (II.D.2-9)
.15

Rearranging and applying inverse Laplace transforma-

tion to (II.D.2-9), it turns into:

s. =-15 jR +0.13636Y-0.13636X 1 +15Y-15X I  (II.D.2-10) -
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Substituting equations (II.D.2-5) and (II.D.2-8) into

(II.D.2-10), the last becomes:

(III .D.2-11 ) x-i3.... .-

e. Actuator Equation

The actuator equation obtained from Figure 2.21 is:

(II.D.2-12)_ _"_ _.. L.1 .7 ,

Rearranging and applying inverse Laplace

transformation, the last equation turns into:

=1OT95.326KC-188.4 (II.D.2-13)

II
3. Design Approach and Ana-ysis of Continuous System

Utilizing state-space representation, the equations

(II.D.1-4), (II.D.1-5), (II.D.2-2), (II.D.2-5), (I.D.2-8),

(II.D.2-1 1), and (II.D.2-13) can be modeled in a seventh-order

system of the form x=Fx-Gu. The continuous plant system and

input matrices F and G are shown in Table IV, and the state

vector is:

x
(II.D.3-1)

6.4



_a. --W

where the state variables are:

p : roll angular rate

roll angle

X : output of roll angle compensator

Y : output or rate compensator

X : output of pseudo-differentiator

input command in the actuator

c : roll tail incidence

Executing the OPTSYS program, using an input step

function which represents "I gee command" at zero trim angle-of-

attack, the pole-zero and time and frequency response plots are

obtained.

The pole-zero plot of Figure 2.23 indicates that the

continuous open loop system is stable, since the s-plane poles

are:

= -174.785 (roll angular rate) (II.D.3-2)

6+ : -9.25097+j28.4098 (roll angle) (II.D.3-3)

-9.25097-j28.4098 (output of roll angle compensator)
(II.D.3-4)

-2.46608+j2.71152 (output of rate compensator network)
(II.D.3-5)

- =-2.46608-j2.71152 (output of pseudo-differentiator)
(II.D.3-6)

-8.98209 (input command in the actuator) (II.D.3-7)

-5.19932 (roll tail incidence) (II.D.3-8)
T

The time response plots of the roll angle, angular rate

and tail incidence are shown in Figure 2.24 through 2.26. In
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particular, the roll angle time response plot has a 0.55 seconds

time constant, 3% overshoot and a steady-state equal to zero.

These results are in accordance with the requirements referred in6

Appendix A, that is a time constant of 0.5 seconds, overshoot J

less than 10% and zero steady-state roll angle error. All the

above three time response plots are identical with those

presented in [Ref. 61.I

Figures 2.27 through 2.32 show the frequency response

plots of the roll angle, angular rate and tail incidence, from

which the phase crossover frequencies and gain margins of TableI

0V can be obtained. The positive gain and phase margins of the* I

,partienlop sythem ensur thge relte r sonseility has th clo5secods oop''

b\

(cosntled) iny[e.6]
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9-:V VI 7T 7 .y - - 77 7---- V.

A

TABLE V

PHASE CROSSOVER FREQUENCIES AND GAIN MARGINS; UNCOUPLED ROLL
CHANNEL AUTOPILOT; CLASSICAL DESIGN CONTINUOUS OPEN LOOP SYSTEM;

CIRCULAR AIRFRAME

PHASE CROSSOVER GAIN
FREQUENCY (rad/sec) MARGIN (db)

ROLL ANGLE (1) 10.0461 60.2165

ROLL ANGULAR RATE (p) 1o.o461 60.2165

ROLL TAIL INCIDENCE ( ) I- --
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4. Design Approach and Analysis of Discrete System

Utilizing analog-to-digital conversion by the aid of

ORACLS program and for a sample period of 0.0125 seconds, a

seventh-order discrete system of the form x(K+1)=Ax(k)+ Bu(k) is

obtained. The discrete plant system and input matrices A and B

are shown in Table VI.

The pole-zero plot of Figure 2.33 indicates that the

discrete open loop system is also stable, since the z-plane poles

are:

'i = 0.0992805 (roll angular rate) (II.D.4-1)

Z 0.835216+jO.309736 (roll angle) (II.D.4-2)

Z5 0.835216-jO.309736 (output of roll angle compensator)
(II.D.4-3)

Z= 0.969087+JO.0328588 (output of rate compensator network)
(I I.D.'4-4)

Z!= 0.969087-j0.0328588 (output of pseudo-differentiator)

(II.D.4-5)

Z= 0.893797 (input command in the actuator) (II.D.4-6)

Z 0.937075 (roll tail incidence) (II.D.4-7)

The time response plots of the roll angle, angular rate

and tail incidence for the discrete uncoupled roll channel are

presented in Figures 2.34 through 2.36. A close observation of

these plots indicates that they are identical with those of the

continuous classical system found in the previous section.
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III. MODERN CONTROL DESIGN AND ANALYSIS OF LINEAR
UNCOUPLED LATERAL AUTOPILOTS

A. GENERAL

The task of this chapter is the design and analysis of the

same discrete uncoupled lateral channel autopilots discussed in

the previous chapter, using different techniques which are based

on modern control formulation. The difference in the two

approaches is entirely in the design method since the end result,

a set of difference equations providing control, is identical.

Modern control theory is contrasted with the classical

control theory in that the former is applicable to multi-input-

multi-output systems, which may be linear or nonlinear time-

invariant or time-varying, while the latter is applicable only to

linear time-invariant single-input-single-output systems. Also,

modern control theory is essentially a time-domain approach,

while the conventional classical control theory is a complex .

frequency-domain approach.

System design in classical control theory is based on trial-

and-error procedures which, in general, will not yield optimal

control systems. System design in modern control theory, on the

other hand, enables the design of optimal control systems of

great complexity and good accuracy with respect to given

performance indexes. In addition, design in modern control

theory can be carried out for a class of inputs instead of
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specific input function, such as the impulse, step or sinusoidal

functions and can also include initial conditions.

One of the most attractive features of modern control design

method is that the procedure consists of two independent steps.

One step assumes that all the system states are available for

feedback purposes. In general, even if this is not a practical

enough assumption since it needs a large number of sensors, it is

usually adopted in order to accomplish the first design step,

namely the control-law. The remaining step is the design of an

estimator which estimates the entire state vector, given

measurements of portion of the state provided by the system output

equation. The final control algorithm consists of the control-

law and estimator combined, where the control-law calculations

are based -n the estimated states rather than the actual states.

This substitution is reasonable and the combined design can give

closed loop characteristics which are unchanged from those

assumed in designing the control-law and estimator separately.

B. DISCRETE STATE-FEEDBACK DESIGN

Considering the following discrete control system:

X(K+l) = Ax(k) + Bu(k) (III.B. 1-1)

Y(k) : Hx(k) (III.B.1-2)

the control-law design is also referred to as state-feedback
*I

" design since it is simply the feedback of a linear combination of

all the system states, that is:

u(k) = Fx(k) (III.B.1-3)

where F: control-law gain vector
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Thus, the characteristic equation of the controlled (closed loop)

system is:

det (zI-A+BF) 0 (III.B.1-4)

The discrete state-feedback design, providing that the system is

controllable, consists then of finding the control-law gain

vector F so that the roots of (III.B.1-4) are in desirable

locations.

A program logic for computing the control-law gain vector via

the Ackermann's formula is given in Appendix E [Ref. 9].

Utilizing this control algorithm a Fortran program was written

P. (Appendix F) which has as inputs the sample period, the discrete

plant system and control input matrices, the s-plane poles and

* provides as output the control-law gain vector.

1. Uncoupled Yaw Channel for Elliptical Airframe

a. Control-Law Gain Vector

Executing the Ackermann Fortran program described in

Appendix F with inputs:

(1) Sample period of 0.0125 seconds

(2) Discrete plant system and control input matrices A and B
of Table III

(3) S-plane poles defined in equations (II.C.3-2) through
(11.0.3-8)

* the following control-law gain vector for the elliptical airframe

* of the uncoupled yaw channel is obtained:

F=[-1.0195 -0.109 -0-3 492 0.0393 -0.6152 32.4775 -31.0868]
(III.B.1-5)

r-4
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b Design Approach and Analysis

The discrete state-feedback designed yaw autopilot

can be found by introducing the control-law gain vector of

(II.B.1-5) into the original system.

The pole-zero plot of Figure 3.1 indicates that the

discrete closed lop system is stable, since the z-plane closed

loop poles are:

0.46461 (yaw angular rate) (III.B.1-6)

Z): 0.898888+jo.137039 (III.B.1-7)

= :0898888-j0.137039 (yaw normal acceleration) (IIIB.1-8)

Z4.  0.998423+jO.051078 (III.B.1-9)

= 0.998423-jO.0510789 (output of acceleration compensator
network) (III.B.1-10)

"e 0.962974+j0.0358712 (input command in the actuator)
(III.B. I- 1 -- <

- 0.962974-jO.0358712 (yaw tail incidence) (III.B.1-12)

The time response plots of the yaw normal

acceleration, angular rate and tail incidence are presented in

Figures 3.2 through 3.4. A close observation of the above pole-

zero and time response plots for the discrete yaw state-feedback

design indicates that they are identical with those of the

discrete classical design found in the previous chapter.

c. Simplified Design

The discrete state-feedback designed autopilot of the

previous section can be simplified by reducing the returning gain

loops. This can be accomplished by placing zeros into appropriate

elements of the control-law gain vector:

88
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* F=[-1.0195 -0.109 -0.3492 0 -0.6152 32.4775 -31.0868]

The pole-zero and time response plots of the

*resulting simplified state-feedback yaw autopilot, shown in

Figures 3.5 through 3.8, do not present significant differences

from the corresponding plots of the discrete classical design

apart from the overshoot which was slightly increased. The

discrete closed loop system is again stable, since the z-plane

closed loop poles are:

0.146798)4 )IIIL.B. 1-14)

0.891328-.jO.126019 (III.B. 1-15)

Z_ 0.891328-jo.126019 (III.B. 1-16)

=0.998422-ijO.0510788 (III.B. 1-17)

0.998422-j0.0510788 (IlI.B. 1.18)

* = 0.969075tjO.01429695 (IIILB. 1-19)

* Z. =0.969075-j.0429695 (III.B. 1-20)

2. Uncoupled Roll Channel for Circular Airframe

a. Control-Law Gain Vector

Following the same procedure as in the yaw channel

0 case apart from the use of discrete matrices A and B from Table

*III and s-plane poles from (II.D.3-2) through (II.D.3-8), the

control-law gain vector for the circular airframe roll channel

was found to be:

F=[0 0.0004 00.0178 -0.0179 -1.499 0.0023] (III.B.2-1)
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b. Design Approach and Analysis

The discrete state-feedback designed roll autopilot

* can be found by introducing the control-law gain vector of

"* (III.B.2-1) into the original system.

The pole-zero plot of Figure 3.9 indicates that the

discrete closed loop system is stable, since the z-plane closed

loop poles are:

n= 0.0989714 (roll angular rate) (III.B.2-2)

- = 0.832909+jO.315088 (roll angle) (III.B.2-3)

Z =0.832909-jO.315088 (output of roll angle compensator)
(III.B.2-4) "

= 0.969236+jO.0333773 (output of rate compensator network)
(III.B.2-5)

7= 0.969236-jo.0333773 (output of pseudo-differentiator)

(III.B.2-6)

= 0.896583 (input command in the actuator) (III.B.2-7)

r= 0.938233 (roll tail incidence) (III.B.2-8)

The time response plots of the roll angle, angular .4

rate and tail incidence are presented in Figures 3.10 through

3.12. A close observation of the above pole-zero and time

* response plots for the discrete roll state-feedback design

indicates that they are identical with those of the discrete

classical design found in the previous chapter.

c. Simplified Design

The state-feedback roll designed autopilot can be

simplified by reducing the returning gain loops as follows:

F=[O 0 0 0.178 -0.0179 -1.499 0] (III.B 2-9)
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The pole-zero and time response plots of the

resulting simplified state-feedback roll autopilot, shown in

Figures 3.13 through 3.16, do not present significant differences

from the corresponding plots of the discrete classical design. %

The discrete closed loop system is again stable, since the z- L

plane closed loop poles are:

0.0992745 (III.B.2-10)- -

ZZ 0.836632+jO.305719 (III.B.2-11) .

ZS 0.836632-jO.305719 (III.B.2-12)

Z4 = 0.967647+j0.0334948 (III.B.2-13)

Z5 = 0.967647-j0.0334948 (III.B.2-14) ..

Z6 = 0.895937 (III.B.2-15)

= 0.938256 (III.B.2-16)

*C. DISCRETE ESTIMATOR DESIGN

The state-feedback design discussed in the last section

assumed that all system states were available for feedback

purposes. Since the state vector is not always accessible to

direct measurement, an estimator is going to be introduced in

this section as an additional dynamic design in order to

implement control to the original system. The estimator design

method consists mainly of determining algorithms which will.

reconstruct all the states, given measurements of a portion of

them.
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Considering the same as in the state-feedback case discrete

control system, a prediction estimator defined by the following

equation is introduced:

* A A
x(K+1) = Ax(k) + Bu(k) + K[Y(k) - Hx(k)] (III.C.I-I)

A %
where x: estimate state vector

K: estimate gain vector

In this closed loop estimator, shown in Figure 3.17, the

difference between the measured and estimated output is fed back L

and the model is constantly corrected with this error signal

-~A

which is defined as x=x-x. The difference equation describing

the behavior of the error is obtained by subtracting equation . -

from the actual plant output equation (II.B.1-2):

x(K+I) = [A - KH] x(k) (III.C.1-2"

Thus the characteristic equation of the controlled (closed loop)

system is:

det (zI - A + KH) 0 (III.C.1-3)

The discrete estimator design, providing that the system is

observable, consists then of finding the estimator gain vector K

so that the roots of (III.C.1-3) are at desirable locations.

The estimator gain vector can be obtained again, as in the

case of the state-feedback design, by application of the

Ackermann program of Appendix F with inputs the sample period, -.- 7.

the transposes of the discrete plant and output matrices, and

faster s-plane poles from those of the continuous system.

o -10
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1. Uncoupled Yaw Channel for Elliptical Airframe

a. Estimator Gain Vector

Executing the Ackermann Fortran program (Appendix F)

with inputs:

(1) Sample period of 0.0125 seconds

(2) The transposes of the discrete yaw system plant and output
matrices, that is AT and HIT, where:

0
,,s 0

0 (III.C. 1-4)
0
0
0

(3) S-plane poles slightly faster than those of the continuous

open loop system, that is with more negative real parts:

5, : -174.386 (III.C.1-5) -.-

5 -6.1142+jlo.6396 (III.C.1-6)

-6.1142-j10.6396 (III.C.1-7)

-0.0227475+j4.08919 (III.C.1-8)

55=-0.02274 75-j 4 .08919 (III.C. 1-9)

56 = -2.9396+j2.99929 (III.C.1-10)

5 -2.9396-j2.99929 (III.C. 1-11)

the transpose of the estimator gain vector for the elliptical

airframe of the uncoupled yaw channel is calculated as output,

from which the following K is obtained:

110

S. . " "-

.



S I 4 4.';

J. -,.

-0.0034
0.0008
-0.0003

K: -0.0177 (III.C.1-12)
0.0005

-0.0017
-0.02401

b. Design Approach and Analysis

The discrete estimator designed yaw autopilot can be

found by introducing the estimator gain vector of (III.C.1-12)

into the original system.

The pole-zero plot of Figure 3.18 indicates that the

discrete closed loop system is stable, since the z-plane closed

loop poles were found to be:

Z1  :0.117115 (yaw angular rate) (III.C.1-13)

Z2 = 0.918174+j0.122926 (III.C.1-14)

Z5 = 0.918174-jO.122926 (yaw normal acceleration) (IIIC.1-15)

Z4 : 0.998399+j0.0510958 (III.C.1-16)

s : 0.998399-j0.0510958 (output of acceleration compensator
network) (III.C.1-17)

Z. : 0.963249+jO.0361306 (input command in the actuator)

Z? : 0.963249-j0.0361306 (yaw tail incidence) (III.C.1-19)

The time response plots of the yaw normal

acceleration, angular rate and tail incidence are presented in

Figures 3.19 through 3.21. A close observation of the above pole-

zero and time response plots of the discrete yaw estimator design

indicates -hat they are very close to those of the discrete

classical design found in the previous chapter. ,.

111-"
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c. Simplified Design

The discrete estimator designed autopilot of the

previous section can be simplified by reducing the returning gain

loops. This can be accomplished by placing zeros into

appropriate elements of the estimator gain vector: .

-0.0034 -?
0
0

K : -0.0177 (III.C.1-20) f _
0

-0.0017
-0.0240

The pole-zero and time response plots of the

resulting simplified estimator yaw autopilot, shown in Figures

3.22 through 3.25, do not present significant differences from

the corresponding plots of the discrete classical design, apart

from the overshoot which was slightly increased. The discrete

closed loop system is again stable, since the z-plane closed loop

poles are:

2 = 0.117117 (III.C.1-21)

Z: 0.918434+j0.122898 (III.C.1-22)

0.918434-j0.122898 (III.C.I-23)

Z,+ 0.998422+j0.0510954 (III.C.1-24)

Z5 0.998422-j0.0510954 (III.C.1-25)

Z: 0.962965+j0.0357874 (III.C.1-26)

Z7 0.962965-jO.0357874 (III.C. 1-27)
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2. Uncoupled Roll Channel for Circular Airframe

a. Estimator Gain Vector

Following the same procedure as in the yaw channel

case apart from the use of:

(1) The transpose of the discrete roll system plant matrix

(2) S-Plane poles slightly faster than those of the continuous

open loop roll system, that is:

5 = -184.795 (III.C.2-1) a" -

S2 -9.26097+j28. 4098 (III.C.2-2)

-9.26097-j28.4098 (III.C.2-3)

54 -2.47608+j2.71152 (III.C.2-4)

55 -2.47608-j2.71152 (III.C.2-5)

-8.99209 (III.C.2-6) - -

5T = -5.20032 (III.C.2-7)

the estimator gain vector for the circular airframe -oll channel

is obtained:

0.004
0
0

K -0.0002 (III.C.2-8)
0.0003" -""

1-0.0492

b. Design Approach and Analysis

The discrete estimator designed roll autopilot can be

found by introducing the estimator gain vector of (III.C.2-8)

into the original system.

1-.-
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The pole-zero plot of Figure 3.26 indicates that the

discrete closed loop system is stable, since the z-plane closed

loop poles were found to be:

SZ, = 0.0967149 (III.C.2-9)

Z2 = 0.830876+jo.31913 (III.C.2-10)

Z3 = 0.830876-jo.31913 (III.C.2-11)

Z4 = 0.970259+jO.0325175 (III.C.2-13)

Z s = 0.970259-j0.0325179 (III.C.2-14) .

= 0.894774 (III.C.2-15)

Z 7  0.937225 (III.C.2-16)

The time response plots of the roll angle, angular. --.

rate and tail incidence are presented in Figures 3.27 through

3.29. A close observation of the above pole-zero and time

response plots for the discrete roll estimator design indicates

that they are very close to those of the discrete classical design

found in the previous chapter.

c. Simplified Design

The estimator roll designed autopilot can be

simplified by reducing the returning gain loops as follows:

0
0
0

0.0178 (III.C.2-17)
K = -0.0179
- -1.499

0

The pole and time response plots of the resulting

simplified estimator roll autopilot, shown in Figures 3.30
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through 3.33, do not present significant differences from the

corresponding plots of the discrete classical design. The *

discrete closed loop system is again stable, since the z-plane

closed loop poles are:

Z 0.0992745 (III.C.2-18).

~1z 0.836632+jO.305719 (III .C.2-19)

Z;= 0.836632-jO.305719 (III .C.2-20)

4 =0.967647+j0.0334948 (III.C.2-21)

0.961647-j0.0334948 (III. C.2-22)

=0.895937 (III.C.2-23) -

7 0.938256 (III.C.2-24)
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IV. MODERN CONTROL DESIGN AND ROBUSTNESS ANALYSIS OF
COUPLED PITCH AND ROLL CHANNEL AUTOPILOT

CIRCULAR AIRFRAME

A. GENERAL

The present chapter deals with the modern control design and

robustness analysis of the discrete coupled pitch and roll

channel autopilot for the circular airframe configuration. The

continuous open loop coupled autopilot whose plant system and

input matrices are presented in Appendix G is obtained by

coupling the linear uncoupled pitch [Ref. 101 and roll (Table IV)

channels. Then, utilizing analog-to-digital conversion by the

aid of ORACLS program and for a sample period of 0.0125 seconds,

the seventeenth-order discrete coupled system with matrices shown

in Appendix H is formulated. Next, introducing the control-law

and estimator designs were obtained and analyzed in terms of their

transient responses and the application of the POPLAR design

program [Ref. 71. The POPLAR program is applied in order to

employ singular value analysis and the use of an optimization

routine to aid in pole placement control design of the above

discussed linear multivariable systems. The robustness of the

system is also considered by establishing singular value levels

which correspond to multiloop gain and phase margins determined

from the universal gain phase system diagram developed by Newsom

and Mukhapadhyay at NASA Langley.
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B. DISCRETE COUPLED STATE-FEEDBACK DESIGN

1. Design Approach and Analysis

The discrete coupled state-feedback designed autopilot is

formulated by introducing into the original control system of

Appendix H the following combined pitch [Ref. 101 and roll

(III.B.1-5) control-law gain vector.

I 0

C, 0 17; cj0- c

(IV.B.1-1)

The pole-zero plot of Figure 4.1 indicates that the

discrete coupled System is marginally stable, since the z-plane

closed loop poles are:

0 .131446+jO.0320974 (IV.B.1-2)

.2= .131446-jo.O320974 (IV.B.1-3)

0.89699+jO.0906 4 57 (IV.B.1-4)

Z,= .89699-jO.O906457 (IIV.B. 1-5)

25= 0.955624+jO.0299994 (IV.B.1-6)

Z .953624-jo.0299994 (IV.B.1-7)

Z O= .998202 (IV.B.1-8)

1 (IV.B. 1-9)

=0.995608+jO.0830713 (IV.B. 1-10)

0 .995608-jO.0830713 (TV.B. 1-11)
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= 0•0993086 (:V. . 2'

Z , 0-836555+j0.306107 IV.B 1-13

0.836553-j0.306107 (V.B.1-14)

*+ = 0.967788+jO.0334452 (IV.B.1-15)

Z= 0.967788-jo.0334452 (IV.B.1-16)

Z,6 0.89573+jO.938133 (IV.B. 1-17)

-27 =0.89573-jO.938133 (IV.B.1-18)

The time response plots of the roll angle, angular rate

and tail incidence are presented in Figures 4.2 through 4.4. A

close observation of these plots indicate that they are identical

with those of the discrete uncoupled state-feedback design of the

previous chapter.

2. Robustness Analysis

Executing the POPLAR design program of [Ref. 7] with

inputs the data presented in Appendix I, the minimum additive

input (MIN ADD IN SV) and output (SVADMO) singular values were

computed from a frequency range from 0 to 200 rad/sec.

Figures 4.5 and 4.6 which are plots of SVADMO and MIN ADD

IN SV versus frequency indicate that the discrete coupled state-

feedback design is robust. It is noted that for very low

frequencies the values of SVADMO are above 0.8680.

Finally, in terms of optimization results, the ordered

computed eigenvalues are:

Z = 0.07717 (IV.B.2-1)

27= 0.09855 (IV. B.2-2)

= 0.25923 (IV.B.2-3)
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.4=0.069508 (IEV. B. 2-4)

0.83707-jO.3014 (IV.B.2-5)

=0.83707+jO.30
14 (IV. B. 2-6)

7 0.89844 (IV.B.2-7)

f=0.90064 (IV.B.2-8)

ey=0.143996 (IV.B.2-9)

ZIV, = 0.146207 (IV.B.2-10)

=l 0.96562-jO.03401 (IV.B.2-11)

Z1Z 0.96502+jO.03401 (IV.B.2-12)

.3 0.99559-jO.08307 (IV.B.2-13)

Z14 O.99559+jO.08307 (IV.B.2-114)4

0.99820 (IV.B.2-15)

Z 1 (IV.B.2-16)

Z, 1.065146 (IV.B.2-17)

*C. DISCRETE COUPLED ESTIMATOR DESIGN

1. Design Approach and Analysis

Following the same procedure as in the case of the state-

* feedback but for the coupled estimator gain vector the pole-zero

and time response plots of the coupled estimator design are

*obtained. The time responses are again identical with those of

* the discrete uncoupled estimator design.

2. Robustness Analysis

Executing the POPLAR design program of [Ref. 711, Figures

* 4.7 and 4.8 are obtained which prove the robustness of the

system. It is noted that for very low frequencies the values of
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SVADMO are above 0.83976. Finally, in terms of optimization

results the ordered computed eigenvalues are the same as in the

coupled state-feedback design.

142



to

M .... ... ...... ... ... ... .. ... ... ... ... ... ... ... ... .. ... ... ... ..... ... ... ..

.. .......... .............. . ..... ..... ... . .... .

L

LEEN

0FRLEGEND

Fiue47SAM sFeunc;CuldPthadRl

Chne uoio;EtmtrDsg;Dsrt

ClsdLo ytm iclrArrm

C14



-~~~ 
r. Or vr ~ . . ~ r

. ...... .......

.. . . .. . . ........__ _ _ _ .............. _ _ _ _ _ _ .. . . .. . . .. . . . . . . . . . . .

. .. ... ... ... ... .... ... ... ... ... ... ... ... ... ... ... ... .... .. ... ... ... ... .... ... . . ... ... ..-

.J .. . . . . . . . . . . . . . . . . . . . . . . . . . .. ...

- 2:

05 3'

FRELEGEND

Figure 4.8 ~~~~~MIN ADD IN SV v rqec;CuldPthadRl
Chnnl utpiot Etiatr_ esgnDscet

ClsdLo ytm iclrArrm

-14



N' . o P '
I- T _

V. CONCLUSIONS AND RECOMMENDATIONS

A. CONCLUSIONS

The goal of the present thesis was the design and analysis of V

discrete lateral autcpilots for application to BTT missiles. The .-

following are the principal conclusions based on this work.

1. The continuous and discrete classical designed autopilots
were proved to have identical performances for the two
lateral channels.

2. The state-feedback and estimator autopilots were introduced
as additional dynamic designs in order to implement control
to the original system. Both designs, analyzed in terms of
their transient responses, were found to meet the desired
requirements.

3. The simplified state-feedback and estimator designs reduced
some of the returning gain loops, making the system
simpler, without any significant effects on the system's
performance.

4. The performance of the coupled pitch and roll channel
autopilot was found to be satisfactory and the overall
system proved to be robust.

B. RECOMMENDATIONS

In order to improve the simplicity of the overall system,

more returning gain loops of the state-feedback and estimator

design must be eliminated. A further investigation then must be

conducted in order to examine if the performance of the resulting

design remains unchanged.
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APPENDIX A

DESIGN REQUIREMENTS FOR UNCOUPLED AUTOPILOTS

The requirements for the classical design method of the

uncoupled channel autopilots [Ref. 6] are the following:

1. High Frequency Attentuation in Actuator Command Branch

a. Uncoupled Yaw Channel

It must be > 15 db at 100 rad/sec and zero angle-of-

attack and sideslip. This requirement will provide sufficient

high frequency attenuation for > 30 Hz actuator and for body

bending modes when high frequency filters are added, but it

limits the ability of the yaw autopilot to minimize sideslip

angle.

b. Uncoupled Roll Channel

It must be > 15 db at 100 rad/sec and zero angle-of-

attack. This will provide sufficient high frequency attenuation

for > 30 Hz actuator and for elastic modes when high frequency

filters are added, but this requirement limits the speed of roll

angle response.

2. Relative Stability for Both Lateral Channels

Gain margins >/ 6 db, phase margins > 300 with a goal of

12 db and 500.

3. Acceleration Time Response T

a. Uncoupled Yaw Channel

(1) 63% time constant of approximately 0.4 seconds.
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(2) Overshoot .~10%.

(3) Steady-state error need not be zero.

b. Uncoupled Roll Channel

(1) 63% time constant of 0.5 seconds. 4

(2) Overshoot < 10%.

(3) Zero steady-state roll angle error.
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APPENDIX B r

AERODYNAMIC DATA

The overall classical design developed by Arrow [Ref. 61 was

performed for the selected flight condition of Mach number 3.95

at 60000 feet altitude. The corresponding aerodynamic data

presented below were taken or derived from the ICAO standard

atmosphere tables.

TABLE VII

AERODYNAMIC DATA (M=3.95, H60kft)

Temperature, T (OR) 389.988

Sonic Velocity, a (ft/sec) 968.47

Pressure, p (lb/ft2 ) 149.78

Density, (lb-sec 2 /ft) 0.0002238

Velocity, V (ft/sec) 3825.4565

Dynamic Pressure, q (lb/ft2 ) 1637.145
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APPENDIX C

LINEARIZED AERODYNAMIC DERIVATIVES

The linearized aerodynamic derivatives at the selected flight

condition and about a zero trim angle-of-attack are provided .2I

below for both airframe configurations [Ref. 6].

TABLE VIII

LINEARIZED AERODYNAMIC DERIVATIVES
(M=3.95, H=6Okft; a=0 0 )

CIRCULAR ELLIPTICAL .

ya -0.065 -0.043

-0.025 0.024

0.021 0.016

,.-.-0.050 -0.042

0.031 0.023 . .

I
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APPENDIX D

MISSILE SIZING AND MASS PROPERTIES

In order to provide a realistic missile based on the .

aerodynmamically tested configuration concepts [Ref. 5], the

models were assumed to be 1/6-scale and the mass properties were

developed corresponding to mass distribution which might be

expected for missiles of this size. All the geometric and mass

properties are presented in the following table.

TABLE IX

GEOMETRIC AND MASS PROPERTIES OF MISSILE CONFIGURATIONS-

Circular Elliptical

Length, 1 (in) 168 168

Max. Diameter (in) 24

Max. Major Axis (in) 41.57

Max. Minor Axis (in) 13.86

c.g. distance from L.E. (in) 100.8(0.6 ) 100.8(0.6)

Reference Length, d (ft) 2 2

Reference Area, S (ft) TT 7

Weight, W (lb) 2525 21475

S(slugft2 )0. . -.

I (slug-ft2 ) 810 853

z-A
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APPENDIX E

PROGRAM LOGIC FOR APPLICATION OF ACKERMANN'S FORMULA

,I 7

The program logic for computing the control-law gain vector F

or the transpose of the estimator gain vector KT taken from

[Ref. 9], is given in the following table.

TABLE

- PROGRAM LOGIC FOR APPLICATION OF ACKERMANN'S FORMULA

I. Read in (1,. 1'. T. and A.. the number of states.
2. Comment: first 'e " ill read in the desired pole location, in the %-plane. consert them ,

it, :-plane poh nomial cocthients. and coflsrtruct oidlp).

3. I - identitv matrix.. ,
* o3 4. -. I'IIA - I

~~~5. /,A.-'''+

0 If \. go to step s.'.-
07. Read in pole location k a, ii -i h.

8 x. If h = 0. go to step 14.

a. 9. A, - - 2 e\pl(o i cos hT

". A2 - e\pol 

11. LP I - AI.I'II. - o'1 *4 , 'F i.qI + tl-12. K - A- 2"
13. Go ito step 6

14. 4, - e\piiI
15. AI.IAI.\ %.II. , I - .- Ii A, 1
6+-. ,K - / K . . -

17. Go to step 6.
1X. C omment: nok "e co:tnstruct the controllahilitN matrix.

19 C -I
20. E - r
21. /

22. If A .\'.. go to step 28.
23. Comment: replace column a of C hs E.
24. C[ :I -E
25. A -
26. E - '• E

27, Co t ,tep 22.
28. Comment: no%% soe for the conttol la" . tist form i, as the last rok of I.

29. E -I. -.
10. SoI t BC =E for It.

11 K = , .I.PII "
12. t+NI): .. ,
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APPENDIX F

ACKERMANN FORTRAN PROGRAM

FILE: ACKERMAN AATFIV Al

4A08 K~000 10
INTEGER N S*K #I A, IEF., IJ 9NI C&0Q2
REAL PHi2;2Ui,GA(20,2J),AI(20,20),ALPHA(Z0,20) ,hKi4JJ ;ACKGG3
REAL A2 ~2.,2,,Z)~IJ)U(ZJ C0.
REAL Av~ R,AT',*p;(0,20J I'CK.,3053

*REAL iMl ,TU(0iTI,)20,~jT(J2~T(0,Z) .(20920)T4(2Ut2) ACK(.C..063
-- C ALK(JCtjO
*C INUT OF NS- NUMBER OF STATES

WC T= SA M PL r I IME ACKC0093
PRINT , I NTER NUMB3ER 0F STATES.' ACK(UQ100
R REALJ, NS ACKOC'113

zPRINT, I ENTER SAMPLE TIME IA: K(ok; 20
R EAD0, T ACKOui.30

C INPUT JF PIIA MATRIX AZA0OI '.
00 10'J 1=1,NS (3:0U 50
Do 101 J=1.'.S i:K '01 b3
WRI T E (6103 ) 1. J A:.1,0,-17 3

10 FORMAT ( 4.X, I EN IE K 'H'*1.,,1.'1ACKU5~L80
REAO.Pi II , J A: KZ3,j1 0

101 COINT INU E A: &00j2 U
IUQ CLN T IN UE A.'Cj0Z 10

C INPUT OF GA=3 bIATRIX A:KJX,220
00 200 I=1,NS A'..OC230

J=l AE KO~2 4-
<WRITEi6#105) 1,J ACKOUC250

105 F 0R MA T 4 X , ' NT E GAl' ,IZl,' ,IZ,'). AZJ(CZ260
READ$A (I ,J) A NG. 270

20O C[ON TINU E A('Xj280
C BUILDING THE IDENTITY MATRIX Ar K OW290
C ALPHA'.C'IA QJ

00 1 I=1.NS -OJ1
DO 5 J=1,NS m..KUJ32,)
IF I.E C..j) GC TO 330 AZ;Nj330
ALIIJJ=U. AC'(0034.)
ALPHAI I ,J)z3. A:02.350 -

Uci1.j)=0. A: -.'QC 36 J
GCTU5 AC'(0C3 13

AIPHAC I .4) 1 A e.00390

5 CONTINUE A.. &0C4 13
1 CQN TINU E AZKOD420

'(=1 A:K3.430
16 IF (K.GT.4ES) GO TO I i A :CIJ4-.

C A: OuU4 50
C INPUT OF GE.IAEZC PULE.. LOCATION4 AZ'(3u46O
C A: &3.,470

vvRITE 1 6,431 AC*KCOu4dJ
43 FORMAT IEN TER REAL PAi4 OF 0LSITfE0 PCOLE LOCAT ION.' I A '(3J49O

REAJ,A AC(00530
WN I TE 16 .44) A '(33513

44 F0,(.4AT I ' ENTIER IMAGINARY PAR T OF OES IRED POLE LCCAT104. 1 ACK00520
R EAD td 'K3J533

C BUILDING ALPHAIPHIJ AZ'(00540
IF (8 UE.J) GO TD 14 AZ '(30553

AL--.*EPI.T)*QS~*JACK'0 05 63
A2e=Ei'( 2.*A*T I A '(0U573

C EVALUATE PI-I*IJHI AZ 'KGUS80
CALL VMULFF (PH,P,liSNNS.2020,TM,2O,ICRJ ACKOU540

C 4CKOU60L0
Do 2 Isl,NS Ac'(30b10
DJ o Jjl, i A:KOU62O

lTi(I.J)'Pil(I,,j)
t
A AZ .0,b 30

TIlIJ)=Al( IJ)*A2 A'(3,0b43
T I I .J) =TIM I 1.J)IU(I*JI+TICIqJI A:KJUo50

6 C GhT I:J E A:KOZ2560
2 CCGN II NuE A: .3ub 70

CALL VMULFF I ALPHA p S# N3,NS,4S920,20,ATEMP, 23, IR) AZKub*O3
00 bOO I=1.N A.CbY
00 601 J1L.NS AZKOD0700

601 ALPHA( Ij I -A TEMPI .I j)A-r007 10
600 LCONIINuE AcK0U0
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F ILE: ACKERM4AN ~iT Fv 11 .

K= N,+2 ACACO.730
GO TO 16 Z ,y .14 AI-EXPIA*T) AcrW j 750
043 3 I1 :1S4 Ac; K~76)
00 7 J.L IS AL&OY773
TO( I,J) -Al I, J) *A 1 A;,%OJ780

7 7111 ,J)-PHI I ,JJ-TO( I,J) A:KJ(J790
*3 CCNTltI G(C300

CALL VMLLFF IALPhATI,NSNS.,20,20 .TE94P,23, ER) a KO%.ti L
DO 700 11L,.4S 4ci.OC820
00 701 J:1,NS ACi(00830 a

701 ALPHA(I.JI)ATEMPIIJJ ACKOVj34J-
700 CONTINUE Ac0ood50

Ul Ki-K~i A'KO2860
0GO TO 16 A -K23-8 70 . .

z is~~1 DO 9 11-,lNS AtK38
UJ-1 ACK00890

9 E I I pJIGA( 19J) Ai:(009 00
KI A- K J9 10

22 IF IK.GT.NS) GO Tr, 283 ACAOU~92J
00 10 l=1,NS :C:;3

10 C(IK)-E(ivl) AC N0OU940
z 0 CON TINU E ANOOW9 50
U KI(~1 ACs(0.j960

CALL VMULFF IPH,E,N!S.NS,i v2J,2JpE,20,IEkJ ACKO0970
GO TO 22 A'.K 0G9 80

z28 DO It J=1,N4S AC K XJ990 -

a: II E I1 LJ J=AtI.AS,J) AcK310ca
SR =0. ACKaLIO1

> CALL L ,INF (C@20*,'S#,,S.v,O,3239S,4iK, IE-k AZKJ1023 --..

C A: -(0 10 30
CALL VMULFF (E.J,1 *NS9NS920,20,6Ft2G*,IER) A:KJIO'.O
CALL VMULFF (bF*ALPHAvl ,.NS~t.,20ZU,JK920tIERJ A:K01J50

C ~A-KJ1060
PRINT. ' CC-NTkUL GAIN VECTOt ACiK01070

WRITE ( 6v45) lI I1. jjJJ ,1N S Ai(O00
45 FOkM~ATI L5 .4) ,:#Ijlugo -

RE TURN 46:r~oI 100
END AZ 1.0l 1 -10L) SE NTRY CiSOII20
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APPENDIX I

COUPLED STATE-FEEDBACK DESIGN INPUT DATA FOR POPLAR PROGRAM L '.

FILE: FEEDBALK JATA Al

1000 0
200.0 1.0 1.0

1 0 0
0.4 0.4 O.3 0

0 0 0 5 3 31000 01 717 702 L717021717 "17.51 5758E-Cl 3.6369326E-02 5.58485 92E -03 -3. 5415236E-2 -5.6353oj4r-3

1.4376905E-03 -a. 5,70iE- 3 3. 121533d5E+O -2. 743,t66E+0 d.4V6,u34 E-Gl
O 0 0 0 00 0

7.3702121E-03 1.O001847E-00 1.2145713E-02 -1.8110829E-4 -2.8707933E-5
6.4803277E-Gb -4.3148367E-5 2.3554415E-02 -2. 1657925E-2 9.078,74J2-03

o 0 0 0 00 0 I-3. 5755072E-2 - 8. c~b83556E-4 9.3927554E-01 8.7928240E-04 1.
3 9 3 7 7 5 5

t-.:4
-3.1463045E-5 2.094o99b-J' -1. 1434,246E-1 1.35 13t 9-c-u1 -l .o6 5 5 1

-2
0 0 0 0 00 0

6.3641914E-04 4.T07247E-U3 7.3780452E-04 9.-1a4592,;-OI 1.172409€4- 32
1.038917a0-7 -1. J27b90bE-o -Z.57727J3E- 1 -.. 37,0670i-1 3.o239 ,4E:-Q..

0 0 0

-1.2632605E- -6.8 121 33E-- - 1.508452 E-, -5.5242591E-1 9.94d14 81C--(
-L.1935039E-8 1.3467757E-37 1. 1O 5 2479E-vI 1.0373553E-01 -5.6530Uo2E-5

0 0 0 0 0

5.0C58503E-05 3.4(06702E-04 5.3521335;-05 -3.423525TE-4 -5.4232194F-5L: 9. 9653887E- OL 1 .2 4,73876E-02 -4 .3d3796u E-2 - 3 LJ3 149E-2 2.23902230E-5,.
0 0 0 0 0
0 0

1. 1198072E-02 8.4589715E-02 1.2982b ,64E-J2 -B.257833,6-2 -1.3194.30E-2
-5.532d8l5E-1 9.9465984E-31 -4.53131.7,E-0 -7.,5933073E-0 6.3774424E-03

0 0 0 0 0
0 0

w -L.8197865E-3 - 1. 6475936E-i -2.5342871E-3 1. 59 14437E-02 2.5927489E-03
-7.69372boE-7 o.11292b0E-3b 1.9o5a256t-32 d.255132oE-ul -L.b1176qlE-30 0 0 0 3

0 0
-Z.4G20118E-3 -2.625703E-Z -'#.04u, I IE-3 2.5079784E-02 4. Io749 75E-03-Z. 2085b,12E-6 1 .-to 5 03iE -05 - L. JJ4556E-1, d .5-!1333,)E-01 -3 .)o~b 43 7E-3

0 0 0 0 0
0 0

8. 5 2O3 6 1E-03 7.71702CE-02 I. I7029 9E- 2 -7.45356oE-2 -1.214465 -2
3.4647516E-03 -1.2502o4JE-2 ',.65oj462E-Ju -3.d4u9597E-0 1.0Jo75*i E-0U

0 0 0 0

0 0 0 0 0
0 0 0 0 0

9.9773878E-01 -2. 7CL369OE-3 1.024589b E-03 2.2,85736E-01 -2.239247E-"
3.2285155E-CO 3.u730433E-02'

0 0 0 0 0
0 0 0 0 0

1. 24926 12E-02 9.999'9 12 1E-0 1 3.3686339E-Go 7.921388E-04 -7.3251019E-4
I. 6I20605i-02 3.2l,o 5o5E-4 4

0 0 0 0 0
0 0 0 0 0

-L.3299604E-3 -2.0935729E-1 9.0483727E-O1 -3. 6a,319o5E-5 3.6451 28E-05
-9.6597318E-4 -2.o908370E-5

0 0 0 0 0
0 0 0 0 0

-9. 0797723E-3 -1. 1024G87E-2 3.9997292E-03 9.2763032E-01 1.1630732E-02
-1.7001972E-1 -2. 004851ZE-3

0 0 0 0 0
0 0 0 0 0

-1.7340942E-, -2.0717899E-4 7.8564538E-05 L.7374049E-02 9.L059431E-01
2..5055LOE-O 2.74575Lu"-03

0 0 0 0 0
0 0 0 0 0

-1.9081030E-3 -2. 30* I830E-3 8.
4
o09805E-o4 L.5230715E-OL -1.5037418E-i

7.4692747E-OL -1. 142 2,4d 5t- 3
0 0 0 0 0
0 0 0 0 0
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FI LE: FEE3dACK JATA AtL %

ft-.2875718E-2 -7.56C:'t97E-L Z.8L7u191>02-O 5.ol22435E-00 -5.5314,)55r--3
-4.3323648E*Cl 5.I4JbJ~d-J2
- 7. 5a09 29E -3

7.9d2L623E-C2 0
i9. 9881608E -4 0
I.aZ856 12E-04 0 f

-7.244d726E-5 0
-1. 7575 515E -2 0
3. * 315556E- C3 a
5.4807555E-C3 0
-i .o 73 0 L9E-2 0
0 2 M-46bOE-3
o d.792o 97rao
o 2 o 35 729E - ;1
o 1.16240q7E-02
0 2.U0717 399E--34
o 2 .3081 830E-03
0 7 .5oO2497E-J)2

- .oOCCOOOE-CO 0 0 0

o 0
G I.oCaOO"OE-Ja 3 0 0
0 0 0 0 0
0 3 0 0 0 '
0 a0 oi I OOOUOUOE-oJ 0 0
0 a 0 0 0
3 0 30 3
0 0
a u a I.JOJOOOUE-00 0
0 a a 0 a

a a a u 1.O3jj)CJTh-oo
o a 0 a 3

0 0
a a.CUOE) a 3

0 0
0 I..O..CUOO0E-o 0 a0

3 a

a a
o 0 a a 1.0ou3uE-00

o a

1.00000OOE-CO 0 a a a
a a

u I.0OO000JE-JO 0 3
0 a

0 a I.0000OOOE-00 0 0
0 a
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FILE: FEEi~dA ;A' DA T4 A I

u2L 0 0 0
00 1) 1.0003000E-w.O 0 J

0 0
o 0 0 3
00 0 0 0

0 0 0 0 1.00001O0E-00
a 00a
o 0 0 0 0

1. 00 OOE- CO

o 0 0 0 0

.2 l.OCOOOOSE-30
-0.0188000OE-00 -0.U2790COE-C0 -. 3042300E -03 0. J290O00 0 .C04l.30CE00

0.000000E * 00 0.UC010002.0 1. 7732000E+O0 -Z .0 1620 J2 + 00 O.ul.j oaoE+oo
O.0O0OQUO0Et00 U.JCOOOJUEtOO O.0000ub:+00 O.00u0O3j+00 0.0'00300, +Oo
0. 00 OOO0OE + CO 0.00a0000E+0
0.JOOOUOOE+0O 0.UCCJOOOE400 0. COOOO OOE +00 X.OO0000jE+2 0.JOJJOOOE+00
C.0OaOO- 00 0.0o Cloo2c-ou G. 00.;30OUOE+O 0.000000.jEt0 C . 0.uO 00tE +0
C.OCOOOOOL+CO 1 O.G..OO.2-00 0.000030oE*00 @.JoiaOok-O -O.J2u9000OE-O
1:.4 90000E- 00 0.3C230(J0E-OU

a00 00 a c a u a co G 01a o
-10000 10000ci

0.M399300 0. U3 L93 77 0
0.13199300 -G.Oi53770
0.89698700 C. J90 670 d0
0.d9698700 -G. J9,j6 70 80
0.95362500 C.02 985UO ".
0.9S362500 -t..J299e5O0

< U.99920Z00 0.00000000
1.00000000 C.OOUCCOUO
0.59560800 0.J~sU7l 30
0.99:)60800 -C.68307130
O.09'i28050 C.J00000U0
0.835i2b~k0 C.s0)73b)U
0.d3,j2L6b~ - G.. O7 3620U
0.969C8700 C.032d5diU
O.lyo90870O -O.J3235830
0.39379700 0.000000.20
0.93707500 C.OGOCC330

158



APPENDIX J

COUPLED ESTIMATOR DESIGN INPUT DATA FOR POPLAR PROGRAM

FILE: ESTLIMAr0 JmTA Al

1000 0
100.0 0.3 1.0

1 010.4 0.4 0.0 0
0 0 0 5 3 3 LO00 0

1717170217170ZL0717
1.5795756E-01 3.63o932o6E-J2 5.534d5 92E-03 -3.541523oE-2 -5.b350634E-3
1.43769USE-03 -u. 3550195E-j 3.121503dOE+O -2. 7434696E+0 d..934 t-ul-

0 0 0 0 0
0 0 I..

7. 3702121E-03 1.0001347E-03 1.2145713E-02 -i. 310829E-4 -2.37079J3'-5
6.4803277E-C6 -. ,..18367E-5 2.544L5E-J2 -2.1657925E-2 9.07b9143-"-03

3 0 u 0 '2
0 0

-3.5755072;-2 -e.g93355,E-e 9.3927554E-OL 8. 723243E-04 1.39377552-0",
-3.14630'52 -5 2.4699ot-04 -1.1434i4oE-1 l.3513494E-01 -.. 4)6! 551E-2

0 0 0 0 0
0 0

6.3641914E-4 4.8072347-03 7.3780452E-04 9.9184592E-01 L. 724-394E2-"
1.03891780E-7 - 1. J2 1690;E-o -2.5772733E-1 -4. 373G67E-1 3. oZ.9694E- -

0 0 0 3 a
0 0

-. 2632605E-4 -8.- 1021d3E-4 - 1.353d452E-4 -5. 524259JE-1 9.9Y4-1481E-01
- -11935.3392-8 1.J4877 57E-) 7 1.105i479E-01i 1.0,3735 5d -01 -5.b53036ZE-5

0 0 0 00
0 0

5.0C58503E-05 3.4,iC6702E-34 5.3521335E-05 -3.4235257E - 4 -5.4232194E-5
9.9653887E-OL 1..473d78E-02 -,.3d3 

7
96,E-2 -. iL03149t -2 2.23902230E-5

0 0 0 0 0
0 0

1. 11980 72E- C2 8 .4 589715E-02 L.2932664E-02 -3.2578335E-2 -1.319443CE-2
0 -5.5328815E-1 . .94t59oE-01 --. 5313 1 I.E-0 -7.6i33073E-0 b.3774424E-03.,r0 0 0 O 1 '.-1. 8197865E-3 -1.6475936E

-
2 -2 .5 34 2 8 7 1E-3 1.5914437E-02 2.592749E-03

-7. o9372,lE -7 6. L1292oOE-06 1. 4o532 5oE-02 d.2551326E-CI -1.6ii?7;lr-3
0 0 0 6 0
0 ',

-2.4201118E-3 -2.6250703-2 - 4.0 o481 L IE- 3 2. 5J7378..E-02 4. 1 b74 7 5 c-- 0 3
-2. 2085612E-6 1..o590 9E-05 -1.310455dE-1 .5213330c-0l -3.0 Qb!t37E-3

3 0 0 0 0

8.5 120361E-03 7.7 170206E-02 I. 1870299E-02 -7. s5350QbE-2 -1.2144653E-2
3.4b475 Lot-0J -i.250.b4OE-2 4 .b.o46ZE-00 -3. a409597E-0 1.J075 Ot-3 I 3j-00

0 0 0 0 0
0 "
0 0 300
3 0 0 0 0

9. 97733 7BE- CL -Z. 7013600E-3 1.0245896E-03 2.2d6573oE-J1 -2.2ji2475E-'
3.2285155E-CO 3 .6 730433E-32

0 0 u 0 1
0 0 0 0 3

1. 24926122E- 02 9.999 1.21F-01 3. 368o339r_-06 7.92138dLE-04 -7.d51 019E-4
.861L2 005E -02 3.2l4o565E-u4

0 0 0 0 0
30 0 0 0

-1. 3299604E-3 -2. 3935729t- L 9.0483727E-01 -3.60819bSE-5 3.64511.28E-05
-9.6597318E-4 -2. b9,;83 7-5

0 0 0 0 0
0 0 0 0 0

-So.G797723E-3 -1. 1024007E-2 3.9997292E-03 9.27*3032E-01 1.1630732E-02
-1. 7007972E-1 -2.U028512E-3

0 0 0 0 0
0 0 0 0 a

-1. 7340942E-4 -2. 071 7899E-4 7.8564538E-05 L.7374049-02 9.1059431E-01
2.45055LOE-01 2.7T575L0E-O.

0 0 0 0 0
0 0 0 0 0

-1.9081330E-3 -2.3081830E-3 8.4609805E-04 1.5280715E-01 -1.5037418E-1
7.4692747E-01 -1. 14294d5E-3

0 0 0 0 0
0 0 0 0 0
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-- 26--

FILE: EST14ATJ DATm I.

-6.2815713E-2 - 7. Dt)24,7E- 2 2.317ol9lE-02 5.oI22't35i-JO -5.531. J55E-3
4. 33236483E+01 5 .13Cd5E-32
-7. b6C9d29E-3 0
-1,.6,4491 8aE -2 u
7.9 3 216 23E -C2 1
-S, . 98dI o 08 L-4 3
I .S2 3 61 2E -04 1)
-244d 72 oE5 0
-I . 7575 5 L5 E-2 0

3. 4 3155 -3bE -03
5.'.dO7555E-03 0
-1.6073019E-2 i
0O . 7 0136 90E -0 3
0 8.7926,171E-Ob
o Z.0 r35 72 9E-0 1
C 1 .13<#087E-J2
o 2 .071769 9 t-J 4
0 2.3 0 183U E-3.
o 7.t-OC2497E-i2
1.9900000E-CO u 0 0 0

-9a8U.o8 a - o0

0 0 0 0
0o- 0 00
o J
o. a . 0,E-00 0 1) 0
o 0 0 3 0

0 0 0 0 0
0 0
0 0 10 a.J000O00-000 0
0 0 0 0 . 0
a 7 -3 0 0
o 0
0 0 0 3 .0005330E-- 0
o0 0 0
0 0 0 17 0

0 o0 0 0 0 0
a 0 0 0

0 0 0 0 0
a a

o 0 0 0 0
0 L..O3000E-3 0 0 0 3
0 0 0 0 3
o 0
oa 0 0 0
0 03 1.CO0OO0E-O0 0 a

o 0 0 0 0
0 0
o 0 0 0 0
0 0 1 0 0.00 0 "-00,U 0"
0 0 0 0 ,

0 0 0 0 0

0 0 0 0 0

0 0
O 0 0 0 0 --

O 0 0 0 0

1.OOOOO-0 3 O00n- 0 0 3 -\..,

0 0
0 0 0 0 0
0 0 0 0 0
0 1.OCO0000ECO0 a 0 a

a a0 0 0 a 0
0 0 " 0 0
0 a 0 O O aoa"-- a 0-
0 0

0 0 0 0 a .
0 0 0 a 0
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